| INTRODUCTION
Relations between chronic heart failure and clinically manifested stroke are well known. 1 However, this is unlikely to reflect the underlying, more prevalent cerebral and cardiac subclinical disease that precedes cognitive impairment related to aging. 2 In fact, relations between heart and brain are complex and not totally clear. 3 Developing knowledge in early, less severe stages of cardiac dysfunction might provide useful insights into the development of cerebral abnormalities.
Using advanced imaging techniques and measures, these subclinical relationships can now be studied in large community-based cohorts. Speckle tracking echocardiography (STE)-derived cardiac tissue deformation parameters may be more sensitive to incipient myocardial alterations compared to left ventricular (LV) chamber dysfunction assessed by traditional echocardiographic measures. 4 Similarly, brain tissue volume, microstructural changes in the parenchymal, vessel structure, and cerebral perfusion can now be measured in large population studies using advanced brain MRI techniques. 5, 6 However, there are few studies that simultaneously utilize cardiovascular and neuroimaging; those that do examine older populations and have not used STE techniques. 7 We hypothesized that early functional parameters of the brain would be associated with measures of early cardiac dysfunction in a large cohort of middle-aged Caucasians and African Americans. We explore the relations of incipient brain alterations assessed by advanced MRI techniques with standard parameters of aortic root and LV ejection fraction, as well as novel LV early dysfunction parameters using STE-derived strain rate.
| METHODS

| Participant selection
The CARDIA study, which has been described previously, 8 is a longitudinal study of the development and determinants of cardiovascular disease in 5115 young adults aged 18-30 years at baseline (1985) (1986) race (white, black), and education (≤high school, >high school). 8 In 2010-2011, the 25-year (Y25) follow-up examination (72% participation) was conducted. All participants provide written informed consent at each examination, and institutional review boards from each field center and the coordinating center approve the study annually.
The BRAIN substudy, conducted as a part of the Y25 follow-up examination, is designed to characterize the brain morphology, pathology, physiology, and function using state-of-the-art MR technology.
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The sample for the CARDIA BRAIN substudy was selected randomly within four strata of ethnicity/race (black, white) and sex from three of the CARDIA field centers: Birmingham, AL; Minneapolis, MN; and Oakland, CA. The only exclusion criteria at the time of sample selection were the presence of severe claustrophobia, pacemaker, defibrillator, neuro-stimulator, ferromagnetic or unknown aneurysm clip, 3T
MR incompatible metal implant of any kind, or potentially dangerous foreign metal objects in the body. Female participants of childbearing age who did not test negative on a pregnancy test prior to the scheduled MRI examination were also excluded. Consent for participation in the BRAIN substudy was administered separately from the main study and in addition to the main study IRB approval; the protocol was reviewed and approved by the IRBs governing participating sites.
| Echocardiography protocol
The CARDIA examination year 25 echocardiography protocol for image acquisition and interpretation, as well as quality control procedures, has been reported previously. 9 In summary, Artida cardiac ultrasound machines (Toshiba Medical Systems; Otawara, Japan)
were used to acquire standard and speckle tracking echocardiography (STE) images. When assessing standard echocardiography-derived parameters, M-mode was used to measure the aortic root, and twodimensional two-chamber and four-chamber views were used to assess ejection fraction (LVEF), following recommendations from the American Society of Echocardiography (ASE).
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Speckle tracking echocardiography (STE) images were analyzed in a 16-segment basis for LV midwall layer, using Advanced Cardiology
Package Wall Motion 2D Tracking (Toshiba Medical Systems). The peak of the averages was used to compute 4-chamber longitudinal strain rates from long-axis views, as well as circumferential and radial strain rates from midventricular short-axis views ( Figure 1 ). 12 A given STE image set (four-chamber, two-chamber, or short-axis) was excluded if more than 3 segments were improperly tracked. Longitudinal and circumferential strain rate measures have by convention negative values; radial strain rate parameters have positive values. We chose strain rate as it is thought to be more load-independent than strain alone. Note that strain rate values may vary according to vendors' specifications.
Reference values and reproducibility profile in the CARDIA study have been previously published. 
| Clinical covariates
We included several demographic and cardiovascular risk factors that may contribute independently to cardiac function and brain outcomes.
Total education (the sum of all years of formal education), smoking status (never, former, or current), and use of antihypertensive (HTN) medication were assessed by questionnaire. Heart rate (HR) was com- 
| Statistical analysis
Linear regression models were used to explore relations between echocardiography-derived cardiac parameters (independent variables) and MRI-derived cerebral measures (dependent variables). Early LV systolic function echocardiography parameters were as follows: longitudinal systolic strain rate (Ell Srs), circumferential systolic strain rate (Ecc Srs), and radial systolic strain rate (Err Srs). Standard LV ejection fraction and aortic root were also assessed. Brain MRI parameters evaluated as dependent variables were white matter fractional anisotropy and gray matter cerebral blood flow.
We show multivariable models adjusted for age, total brain volume, sex, race, total education, SBP, HTN medication, diabetes, HR, smoking status, and BMI. Covariates were selected based on previous work in CARDIA. 5 We additionally corrected for head size individual variation using total intracranial volume in the analyses of white 
| RESULTS
Of 3474 participants that had echocardiograms in the CARDIA year 25, 719 also underwent brain MRI examination. The CARDIA participants in this study were on average overweight, middleaged men and women, with slight predominance of Caucasians (Table 1 ). Brain MRI and echocardiography parameters are shown in Table 2 .
In multivariable models (Table 3) , lower white matter fractional anisotropy was associated with parameters of early LV dysfunction as measured by reduced circumferential systolic deformation (less negative Ecc Srs) and to an enlarged aortic root.
Early LV dysfunction assessed by decreased radial deformation (less positive Err Srs) showed association to reduction in gray matter cerebral blood flow, as well as a trend toward decreased longitudinal deformation (less negative Ell Srs).
| DISCUSSION
In a large biracial cohort of healthy mid-aged adults, we present a broad investigation of subclinical cerebrovascular/cardiovascular diseases associations derived from a comprehensive assessment of cardiac mechanics and remodeling with white matter and gray Cerebral hypoperfusion on a consequence of low cardiac output is a major determinant of brain abnormalities in advanced HF, although other factors are thought to be involved in this process. 19 This is underscored by the fact that not all patients with advanced HF who undergo heart transplantation recover cerebral perfusion to values associated with a normal cardiac output. 20 However, it is still unclear how cerebral hypoperfusion relates to chronic heart failure, particularly in early stages, as compensatory mechanisms are activated. In fact, cerebral hypoperfusion appears to be more related to acute HF when compared to chronic patients. 21 Echocardiography techniques have shown an important role in the assessment of patients after stroke. 22 However, its ability to stratify stroke risk in subclinical phases is still unclear. Speckle tracking echocardiography is an accurate method to evaluate subclinical cardiac disease and has shown ability to predict CV events in diverse clinical settings. 23, 24 Recently, MRI-derived brain abnormalities have been associated with subclinical decreases in longitudinal strain. 25 The effects of an exposition to cardiovascular risk factors in middle-aged adults on heart and brain subclinical abnormalities are still unclear but may be important in global risk prediction. 26 A comprehensive assessment of cardiac mechanics beyond longitudinal deformation may provide important insights into how subclinical abnormalities in the brain and in the heart relate.
Several pathways proposed in studies of patients with HF might help explain our findings. In clinical patients with HF, chronic exposure to underperfusion and tissue hypoxemia may lead to axon and myelin alterations assessed by water diffusion MRI techniques. 6 FA reflects early abnormalities of white matter microstructure and is associated in our study with reduced LV circumferential strain rate. Importantly, other mechanisms, beyond hypoxia and hypoperfusion, may be related to FA changes in early subclinical cerebral abnormalities, such as demyelination and/or loss of tissue organization. GM = gray matter; WM = white matter; Ell Srs = longitudinal peak systolic strain rate; Ecc Srs = circumferential peak systolic strain rate; Err Srs = radial peak systolic strain rate; LVEF = left ventricular ejection fraction; Ao = aorta.
In our cohort of healthy participants, brain white matter microstructural integrity showed consistent associations with aortic root dimensions. Increases in the aortic root diameter have shown strong association with brain structural abnormalities and cognitive impairment. 27 Aortic root enlargement appears to be related to alterations of vascular elasticity in different populations. 28 Aortic root enlargement has shown to relate with high blood pressure and low pulse pressure. 29 MRI-derived aortic stiffness and pulse wave velocity have shown to relate with early brain abnormalities. [30] [31] [32] Moreover, dilation of the aorta associates with atherosclerosis along the vessel, which is related to brain abnormalities. 33 Although our study is limited in its assessment of vascular elasticity, the findings suggest that vascular properties, as measured by aortic root dimensions, may relate to brain white matter abnormalities independent of traditional risk factors.
In clinical patients with HF, a lower cerebral perfusion is associated with disease severity and long-term prognosis. 34 Cortical areas may be particularly affected by reduced brain perfusion in clinical HF, possibly leading to cognitive impairment. 35, 36 Our results, in a healthy biracial cohort of middle-aged men and women, show that LV early dysfunction was still associated with an impaired gray matter perfusion after adjustment to anthropometrics and CV risk factors. Common factors may simultaneously increase the risk for cardiac dysfunction and reduced cerebral perfusion in early stages.
Interestingly, lower white matter fractional anisotropy was associated with reduced circumferential strain whereas decreased gray matter cerebral blood flow was associated with reduced radial strain. We hypothesize based on previous studies that compensative mechanisms may have been activated to maintain the cardiac output stable. In early subclinical phases of LV systolic dysfunction, radial deformation may be maintained secondary to an increased LV torsion that restores LVEF in the face of reduced circumferential deformation. 37 Different areas in the brain may be affected in each phase of subclinical cardiac dysfunction. These compensatory mechanisms may also explain why LVEF did not relate to subclinical brain abnormalities in our study. Although causal inference is not possible in this cross-sectional exploratory investigation, deleterious cerebral hypoperfusion appears to be prevented at some extent by cardiac compensating mechanisms, when subclinical heart dysfunction is present.
This study is an exploratory investigation on early stages heart and brain concomitant abnormalities and has several limitations. Also, our findings need to be replicated in different populations for external validity.
In a large biracial cohort of healthy middle-aged men and women, Ell Srs = longitudinal peak systolic strain rate; Ecc Srs = circumferential peak systolic strain rate; Err Srs = radial peak systolic strain rate; LVEF = left ventricular ejection fraction; Ao = aortic. Models adjusted for age, total brain volume, sex, race, total education, systolic blood pressure, use of medication for hypertension, diabetes, heart rate, smoking status, and BMI.
T A B L E 3 Multivariable linear regression for white matter (WM) and gray matter (GM) brain parameters assessed by magnetic resonance imaging
